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The work of numerous investigators has shown
that vitamin C is excreted in the urine (1, 2, 3,
4, 5, 6, 7), and various suggestions have been
made as to the relation between the rate of ex-
cretion and the concentration in the blood. None
of the reported observations, however, are of such
a quantitative nature as to afford a description of
the mechanism of its excretion. The present in-
vestigation consists of a study of simultaneous
inulin and vitamin C clearances, by means of
which it is possible to determine whether the
vitamin is excreted by filtration alone, by filtra-
tion with active tubular reabsorption, or by fil-
tration with tubular excretion.

PROCEDURE

Constant intravenous infusions were used to
maintain the concentrations of both inulin and
vitamin C in the plasma at suitable levels. The
concentration of vitamin C was varied by ap-
propriate priming doses followed by sustaining
infusions of different concentrations. Fluids
were forced on the day prior to the test, and on
the morning of the experiment the subject drank
2000 cc. of water. The first clearance period
started 1 hour after the last dose of water. Urine
was collected by catheter and the bladder was
washed out with saline at the end of each collec-
tion period. Inulin was determined in plasma
and urine by the method of Smith, Goldring,
and Chasis (8). Vitamin C was determined in
plasma and urine by the 2,6-dichlorophenol in-
dophenol titration method (9, 10). Some discus-
sion has recently arisen as to the specificity of this
method (11, 12). However, it has been shown
that the effect of other reducing substances is
negligible at a pH below 3 and if the titration

1This investigation has been aided by a grant from
the Josiah Macy, Jr., Foundation.

itself is done within a period of 2 minutes (13,
14).

Heparin (1 per cent) was used as an anti-
coagulant; the blood was centrifuged immediately
and 2 cc. of plasma were precipitated by adding
4 cc. of H,O redistilled in glass and 6 cc. of 10
per cent metaphosphoric acid. The mixture was
centrifuged, the filtrate decanted off, and 3 cc.
used for titration. All determinations were done
in triplicate. The blank obtained with 3 cc. of
5 per cent metaphosphoric acid was subtracted
from the average titration value of the plasma fil-
trates. Potassium cyanide was not added, as
previous work from our own and other labora-
tories (15, 16) has shown that potassium cyanide
reduces the dye and so introduces an error. The
portion of urine used for vitamin C determination
was acidified immediately with 10 per cent by
volume of glacial acetic acid, stoppered and
placed in the refrigerator until titrated at the end
of the experiment.

It had previously been found in a series of de-
terminations that no destruction of vitamin C
occurred in the urine under these conditions and
within this period of time (5 to 6 hours). Ex-
periments were also done to ascertain whether
inulin would reduce the dye. It was found that
no reduction occurred and also that cevitamic acid
did not affect the estimation of inulin in plasma
or urine, owing to the fact that in the preparation
of urine and plasma for the inulin determinations,
vitamin C is completely oxidized by the addition
of copper sulphate.

In all a total of 12 series of observations of
three different types were done. The first type
was designed to determine the vitamin C inulin
clearance ratio at low and high plasma concentra-
tions of the vitamin. A rapid priming infusion
of 100 cc. of 12 per cent inulin was given, fol-
lowed by a constant infusion of 3 per cent inulin,
given at a rate of 6 cc. per minute. After a 15-
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minute interval, which was allowed for mixing
time, 3 control periods of 10 minutes each were
run with the plasma vitamin C at its normal level.
An intravenous injection containing from 1500
to 6000 mgm. of vitamin C was then given. Ad-
ditional urine specimens were collected while the
vitamin C concentration in the plasma was fall-
ing from this high level (Figure 1).

In this first series, the plasma concentration of
the vitamin varied from 1.89 to 34.9 mgm. per
cent. The vitamin C clearance has a low value
when the plasma level is below 2 mgm. per cent,
and as the plasma level is raised, the clearance
rises rapidly and approaches the inulin clearance
as a limiting value. This physiological relation-
ship is illustrated in Figure 2, which shows the
vitamin C/inulin clearance ratio in relation to the
plasma level of vitamin C in 82 clearance periods
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in 4 subjects. (This figure also includes the data
reported below.)

Analysis of these data suggested that the eleva-
tion of the vitamin C clearance at the higher
plasma concentration was owing to the fact that
the renal tubules reabsorb the vitamin up to some
maximal limiting rate, after which any vitamin
present in the glomerular filtrate is excreted in
the urine. A second series of experiments, there-
fore, was designed to examine this point spe-
cifically. Simultaneous inulin and vitamin C
clearances were determined at three steadily main-
tained plasma levels of vitamin C in the follow-
ing manner. On the day prior to the observations
sufficient vitamin C was given by mouth to raise
the blood level to 2 mgm. per cent. Inulin was
administered as before and three urine specimens
were collected at this plasma level. Four hun-
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dred mgm. of vitamin C were injected intra-
venously to raise the plasma concentration to 4
mgm. per cent. Following this, a second infu-
sion of 450 cc. of 3 per cent inulin and an addi-
tional 400 mgm. of vitamin C were given to
maintain the plasma concentration at this level.
Three urine specimens were collected at this in-
termediate level. Then another priming dose of
vitamin C (2000 mgm.) was injected intra-
venously and the infusion changed to one con-
taining 2000 mgm. of the vitamin in 450 cc. of 3
per cent inulin. This served to maintain the
plasma level of vitamin C at about 20 mgm. per
cent. Three urine specimens were collected at
this high plasma level. At each stage a 20-minute
interval was allowed for mixing time.

The absolute amount of vitamin reabsorbed by
the tubules was calculated by subtracting the
amount excreted per minute from the amount fil-
tered per minute. Assuming that the vitamin is
completely filtrable from the plasma, the latter

value is obtained by multiplying the inulin clear-
ance by the plasma concentration of the vitamin,
The determination of the amount reabsorbed is
most accurate when the plasma level of vitamin
C lies between 3 and 10 mgm. per cent, as at the
higher plasma levels an error of 1 per cent in
the determination of either the inulin or vitamin
C clearance will introduce an error of 14 per
cent in the calculation of the absolute amount of
vitamin C reabsorbed.

Table I gives the quantity of vitamin C reab-
sorbed by the tubules in 53 observations in 3 sub-
jects at 3 different plasma levels, each figure be-
ing the average of 3 observations. Expressing
all functions in terms of 100 cc. of glomerular
filtrate serves to eliminate in part the variations
resulting from differences in the size of the kid-
neys in the different subjects.

These data indicate that there is in fact an ab-
solute limitation in the capacity of the renal tu-
bules to reabsorb the vitamin and that it is this
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TABLE I
.Maximal reabsorption of vitamin C

Filtered Excreted Reabsorbed
Plasma
Sub- | con-
ject | cen- Glo- Glo- Glo-
tration merular merular| merular
filtrate filtrate filtrate
mgm. | mgm. | mgm. | mgm. | mgm. | mgm. | megm.
per per per per per per per
cent | minute | 100 cc. | minute | 100 cc. | minute | 100 cc.
1.98| 2.56| 198 047 | 0.36| 2.09 | 1.62
P.B.| 4.94| 6.17| 494 395| 3.16 2.22 | 1.78
. 216 | 27.6 |21.6 |26.0 |204 1.6 1.2
P.B.| 1.94| 2.57| 194 090| 0.68| 1.67 | 1.26
15.1 {203 [15.1 |18.7 |13.9 1.6 1.2
2.36] 2.65| 2.36| 0.58| 0.51| 2.07 | 1.85
H.M.| 5.10f 590| 5.10| 3.97| 343 193 | 1.67
136 | 16.3 | 13.6 |14.0 | 117 2.3 19
2.10| 2.43| 2.10| 0.60| 0.52| 1.83 | 1.58
H.M.| 492] 558| 492 | 3.33| 294 2.25 | 1.98
10.6 | 12.7 | 10.6 9.9 8.2 2.8 24
1.63| 1.99| 1.63| 0.05| 004 1.94 | 1.59
L.R.| 4.14| 495 4.14| 2.88) 2.40| 2.07 | 1.74
184 |24.1 | 184 |224 |17.2 1.7 1.2
2.30( 3.05] 2.30| 092 0.69| 2.13 | 1.61
L.R.| 464 6.32| 4.64| 4.00| 294 2.32 | 1.70
184 |25.2 | 184 (209 |15.2 | 43 3.2

circumstance that leads to the increased excretion
at elevated plasma levels. The agreement in the
figures for the maximal rate of reabsorption is
as good as may be expected in view of the possible
errors in the method. Because of the nature of
the calculation, the data at intermediate plasma
levels are more significant than those at high
plasma levels.

The third type of experiment was designed to
determine whether vitamin C and glucose are re-
absorbed by a common mechanism. This inquiry
was stimulated by the fact that vitamin C is
closely related in chemical structure to the carbo-
hydrates. Two series of observations were con-
ducted on one subject in the following manner.
In the first, the subject was given enough vitamin
C the day before to raise the plasma level to 2
mgm, per cent. Inulin was given as before, and
three 10-minute urine specimens were collected.
A priming dose of 25 cc. of 50 per cent glucose
was then injected, and glucose was added to the
inulin infusion fluid (10 cc. per minute), in suf-
ficient quantity to give a concentration of 10 per
cent. No additional vitamin C was given. In a
second series of observations, the plasma con-
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centration of glucose was maintained at 3 levels.
Enough vitamin C was given the day before to
raise the plasma level to 2 mgm. per cent, and
three clearances were determined at normal
plasma glucose levels. A priming dose of 50 cc.
of 50 per cent glucose was then given, with a sus-
taining infusion of 8.3 per cent glucose (10 cc.
per minute). Three urine specimens were col-
lected at this intermediate glucose level, and then
an additional 50 cc. of 50 per cent glucose was
given with a sustaining infusion of 14.8 per cent
glucose (10 cc. per minute). Three more urine
specimens were collected at this higher plasma
glucose level.

The results, given in Table II, show that when
the plasma glucose is raised to levels where the
glucose reabsorptive mechanism j§s presumably
saturated, 7.e. above 300 mgm. per cent (17), the
reabsorption of vitamin C is unimpaired. From
this it may be inferred that the reabsorption of
vitamin C and of glucose do not involve a com-
mon mechanism. The data were also analyzed
with a view to determining whether or not the
rate of urine flow affected the excretion of vita-
min C. Absolutely no relationship was found
between these two when the urine flow varied
from 1.5 to 15 cc. per minute.

TABLE II
Effect of hyperglycemia on the reabsorption of vitamin C
Plasma Plasma Vitamin C/inulin| Vitamin C
vitamin C glucose clearance ratio reabsorbed
mgm. per cent | mgm. per cent mgm. per minute
2.02 88 0.33 1.94
2.00 88 0.32 217
1.97 90 0.30 2.10
1.79 275 0.60 1.15
1.75 290 0.33 2.02
1.70 310 0.32 1.68
1.54 525 0.31 1.52
1.53 522 0.27 1.93
1.52 515 0.25 2.16
1.52 510 0.24 2.15
DISCUSSION

The validity of the calculation of the active
tubular reabsorption depends on the assumption
that the vitamin is completely filtrable at the
glomeruli. This question has not been examined
experimentally because of difficulties in prevent-
ing the oxidation of the vitamin, but Leblond



VITAMIN C EXCRETION BY HUMAN KIDNEY

(18) has reported that vitamin C is present in
the capsular fluid of the frog in the same con-
centration as in the plasma. We believe that our
results warrant quantitative treatment in terms
of the assumption that the vitamin is also com-
pletely filtrable in man. The data indicate that
vitamin C is excreted only by filtration, that it
is actively reabsorbed by the renal tubules, and
that the factor which limits this reabsorptive
process is the existence of a maximal rate, such
as has been demonstrated in the tubular reab-
sorption of glucose (17) and the tubular excre-
tion of phenol red (19, 20, 8), diodrast (8), and
a number of other substances (21). Taking
only those observations in which the plasma vita-
min C is between 2 and 5 mgm. per cent, this
maximal rate is essentially the same in each of
these individuals (2.16 mgm. per minute or 1.77
mgm. per 100 cc. of glomerular filtrate).

It follows that the quantity of vitamin C ex-
creted in the urine of a given individual will be
determined by the plasma concentration of the
vitamin, by the rate of glomerular filtration, and
by the maximal rate of tubular reabsorption.
Accepting this fact, we have attempted to de-
scribe the excretory process in a quantitative
manner, as has been done by Shannon and Fisher
(17) for glucose. To calculate the smooth curve
in Figure 2 the rate of tubular reabsorption, T,
(mgm. per minute), is calculated at various plasma
concentrations of vitamin, ¢ (mgm. per cent),
from Shannon and Fisher’s working equation,

(C-P)EED)-E o

where T, is the maximal rate of tubular reab-
sorption, V is the rate of glomerular filtration in
units of 100 cc., and K is a constant. In this
equation, when V, the rate of glomerular filtra-
tion, is reduced to 100 cc. per minute, Ty, has a
value of 1.77 mgm. per 100 cc. glomerular fil-
trate, and K has a value of 0.1. Using the values
of T, obtained and inserting at the selected values
of @, the vitamin C/inulin clearance ratio is cal-
culated according to the equation:

Vitamin C/inulin clearance ratio = 1 — %. 2
The calculated ratio agrees satisfactorily with the
observed data, and the fact of this agreement,
especially at elevated plasma concentrations of
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vitamin C, supports the assumption that the vita-
min is completely filtrable from the plasma.

It should be noted that according to Equation
1 the vitamin C clearance does not become zero
at very low plasma levels, but ultimately falls
to a minimal value which is independent of plasma
level. This minimal clearance is determined by
the relative magnitudes of the constant K, the rate
of filtration, V, and the capacity of the renal tu-
bules to reabsorb the vitamin, as revealed in Thp.
Probably, the theoretical minimal clearance would
not be reached in any subject except in prolonged
vitamin C deficiency. But even in view of this
theoretical prediction, it is evident that the vita-
min will continue to be excreted in the urine so
long as it is present in the blood; i.e., the renal
mechanism of reabsorption offers no safeguard
against complete depletion of the vitamin in the
body when the intake or synthesis is zero. Fur-
ther experiments at this very low level are being
done to get satisfactory data regarding this point.

Giroud and Leblond (22) studying the renal
elimination of ascorbic acid by histological tech-
nique noted that when ascorbic acid was given
intravenously to guinea pigs, it was found in the
cells of the proximal convoluted tubules and the
descending branch of Henle’s loop. None was
observed in the ascending branch of Henle’s loop,
the distal convoluted tubules, or the excretory
ducts. Our observations prove that vitamin C is
reabsorbed by the renal tubules. These observa-
tions would indicate that this process is a function
of the proximal portion of the renal nephron.

SUMMARY

1. Simultaneous vitamin C and inulin clear-
ances show that vitamin C is excreted by filtra-
tion and active tubular reabsorption.

2. The reabsorptive mechanism for vitamin C
appears to be limited by a maximal rate, so that
when the vitamin is presented to the tubules by
the glomerular filtrate at a rate exceeding this
maximum, the excess is excreted in the urine.

3. The maximal rate of reabsorption in three
individuals averages 2.16 mgm. per minute (or
1.77 mgm. per 100 cc. of glomerular filtrate).

4. The excretion of vitamin C in a given indi-
vidual will be determined by (1) the plasma level,
(2) the rate of glomerular filtration, and (3) the
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maximal rate of tubular reabsorption. The na-
ture of the reabsorptive process is such that at

low plasma levels the vitamin C cleagance reaches

a minimal and constant value.

5. Although in chemical structure vitamin C is
related to the carbohydrates, it is not reabsorbed
by the same mechanism as glucose.

We are indebted to Merck & Company for the cevi-
tamic acid used in this work.
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